Background: Chronic granulomatous disease (CGD) is a primary immune de-
| INTRODUCTION
Chronic granulomatous disease (CGD) is characterized by the failure of activated phagocytes to generate superoxide, which is needed for killing pathogens. As a result, CGD patients suffer from serious episodes of bacterial and fungal infections. Defects in at least five different genes lead to CGD. Patients with the X-linked form of CGD (OMIM #306400) have mutations in CYBB (OMIM *300481) encoding the beta-subunit of cytochrome b 558 (gp91 phox / NOX2). Patients with a rare autosomal recessive form of CGD (OMIM #233690) have mutations in CYBA (OMIM *608508) encoding the alpha-subunit of this cytochrome (p22 phox ). Usually, mutations in either of these genes lead to the absence of cytochrome b 558 in the phagocytes (X91 0 and A22 0 CGD).
Mutations that cause missplicing of pre-mRNA are a frequent cause of disease, not only in CGD (De Boer et al., 1992) , but also in other diseases. Most frequently, this is caused by a mutation within a donor or acceptor splice site, which then "weakens" this splice site and usually causes the adjacent exon to be skipped from the mRNA. However, sometimes a nearby cryptic splice site is strong enough to take over, resulting in skipping of part of the adjacent exon or inclusion of part of the adjacent intron. Other mechanisms are also possible. For instance, we (De Boer et al., 1992) and others (Caminsky, Mucaki, & Rogan, 2015 , in a review) have found mutations that create or activate a "stronger" splice site than the wild-type (w.t.) splice site, resulting in an incorporation of incomplete or extended exons. Caminsky et al. (2015) report 28 cases with creation or activation of an exonic or intronic cryptic donor splice site and 11 with activation or creation of an exonic or intronic acceptor splice site. Of these 28 cases, 18 concerned an exonic missense mutation, five an exonic synonymous variation, and five an intronic variation. Exonic nonsense mutations were not reported. Of the 11 cases with creation or activation of a cryptic acceptor splice site, eight were caused by an intronic variation, two by an exonic missense mutation and one by an exonic synonymous variation. Also deep intronic mutations can change the splicing process, usually by facilitating the inclusion of a pseudoexon in the mRNA (Dhir & Buratti, 2010; Greer et al., 2015; Homolova et al., 2010; Yamaguchi et al., 2010) . Indeed, with the present-day use of whole genome sequencing (WGS), many of these deep intronic variants have been found.
We here describe the activation of a cryptic donor splice site caused by an exonic single base-pair (bp) substitution in CYBB (patient 1). We and others found this mutation in CYBB already several years ago (De Boer et al., 1992) , but at that time no information was available about serine-and arginine-rich (SR) proteins that act as splicing enhancers of pre-mRNA. These proteins bind to distinct exonic splicing enhancer (ESE) sites to facilitate inclusion of the exon in the mature mRNA transcript. Similarly, heterogeneous nuclear ribonuclear proteins (hnRNPs) can bind to exonic splicing silencer (ESS) sequences to prevent inclusion of the exon in the mature mRNA transcript. We have now evaluated with the widely used Alamut ® software the effects of the presence of these binding sites on the activation of this exonic cryptic splice site in CYBB.
In patient 2, we have described the activation of a cryptic donor splice site 79 bp downstream in intron 1 of CYBA, due to a 4-bp deletion in the donor splice site of this intron (De Boer, Hartl, Wintergerst, Belohradsky, & Roos, 2005) . This is a more commonly found cause of cryptic acceptor splice site activation, but less frequently as a cause of cryptic donor splice site activation. Caminsky et al. (2015) reported 42 cases of cryptic acceptor splice site activation but only three cases of cryptic donor splice site activation, of which one due to an intronic variation, one to an exonic missense mutation, and one to an exonic synonymous variation.
In patient 3, we recently found a mutation on one allele in intron 4 of CYBA, 15 nucleotides upstream of the intron 4/ exon 5 border. This intronic mutation created an alternative splice site that was preferred over the original acceptor splice site, thus causing the insertion of 14 intronic nucleotides into exon 5.
| MATERIALS AND METHODS

| Editorial policies and ethical considerations
This study was performed according to national regulations with respect to the use of human materials from healthy, anonymized volunteers and patients with informed consent, and all experiments were approved by the Medical Ethical Committee of the Academic Medical Center in Amsterdam according to the Declaration of Helsinki principles (version Seoul 2008) .
The clinical histories of patients 1 and 2 have been described previously (De Boer et al., 1992 .
| Clinical history patient 3
Patient 3 is the second of two girls, her sister died at age of 2.5 years due to septicemia, post-mortem primary immunodeficiency suspected. The patient was born after an uneventful pregnancy and birth to non-consanguineous Caucasian parents; at the age of 1 month she developed bilobar pneumonia, hepatitis, enterocolitis and vesiculopustulous skin lesions with uneventful recovery. The causative pathogen was not identified but was possibly viral. At the age of 3 months, she developed left-sided lobar pneumonia, with granuloma formation in the lung on CT scan and positive galactomannan testing in bronchioalveolar lavage. A pathological dihydrorhodamine-1,2,3 (DHR) test was found. Besides antimicrobial treatment, antiinflammatory treatment with kineret (anakinra) was started to treat granulomatous inflammation in the lungs, resulting in resolution of pulmonary lesions. At the age of 14 months, onset of inflammatory changes in the colon with paraproctitis was noted, with formation of anorectal fistula and intermittent bloody diarrhea with severe pancolitis, partially responsive to systemic steroids, azathioprine and gut decontamination, yet remained steroid-dependent. Due to prolonged colitis and steroid treatment, the patient demonstrated failure to thrive. At the age of 2 years and 4 months, the patient received transplantation of bone marrow graft from a 10/10-human leukocyte antigen (HLA)-identical donor after reduced-intensity conditioning with pharmacokinetic-adjusted busulfan to submyeloablative levels, high-dose fludarabine, and low-dose alemtuzumab. Posttransplant development of mild acute graft-versushost disease was noted, with complete resolution. No other complications were observed so far (currently more than 1 year post-transplant).
| Neutrophil function tests
NADPH oxidase activity by purified neutrophils was measured with the Amplex Red assay as described previously (De Boer et al., 2014) . Expression of gp91 phox was measured by FACS analysis of mAb 7D5 binding to purified neutrophils (De Boer et al., 2014) .
| Mutation analysis of gDNA and cDNA
Genomic DNA was purified from human blood and analyzed by Sanger sequencing as described before (De Boer et al., 2014) . mRNA was purified from human blood, converted into cDNA and analyzed by Sanger sequencing as described before (De Boer et al., 2014) .
| Splicing prediction tools
With the prediction tools from The Edmond J. Safra Center for Bioinformatics from the university of Tel Aviv, Israel: http://astlab.tau.ac.il/index.php (Cartegni, Wang, Zhu, Zhang, & Krainer, 2003; Fairbrother, Yeh, Sharp, & Burge, 2002; Goren et al., 2006; Kol, Lev-Maor, & Ast, 2005; Schwartz et al., 2008; Voelker & Berlund, 2007; Wang et al., 2004; Yeo, Nostrand, & Liang, 2007; Zhang & Chasin, 2004) , we analyzed the scores of w.t. and mutant splice sites. In the Analyser Splice Tool, the 3' (acceptor) splice site TTTTTTTTTTTCAG/G will give a score of 100, and the 5' (donor) splice site CAG/GTAAGT will also give a score of 100. We used Sroogle from the same website to analyze the number of putative binding sites for ESE and ESS proteins. Also the Alamut ® software (www.
inter active-bioso ftware.com/doc/alamut-visua l/2.6/splic ing.
html) was used to analyze possible splice sites. This tool includes SpliceSiteFinder-like, MaxEntScan, NNSPLICE, and GeneSplicer.
Hexplorer score for flanking splicing regulatory elements was analyzed with HEXplorer algorithm at www2.hhu.de/ rna/html/hexpl orer_score.php.
| RESULTS
| Patient 1
Patient 1 had died before the start of our investigations. In the DNA from his mother we found-as described before-a heterozygous mutation in exon 6 of the CYBB, viz. c.621C>A (ref. seq. NM_000397.3), p.Tyr207Ter (family 5 in De Boer et al., 1992) . Besides the fact that this mutation introduces a premature termination codon, cDNA analysis revealed skipping of the 3' part of exon 6 from CYBB ( Figure 1A ). In this female carrier, neither mutations in the exon 5 / intron 5 boundary sequence nor any other mutations were identified in CYBB. Because part of the mRNA of this individual lacked 57 bp of the 3' part of exon 6, starting at nucleotide c.618 (De Boer et al., 1992) , it appears that this mutation has activated a cryptic donor splice site at nucleotide c.615_623 (TTG/ GTAAAC).
The Analyser Splice Tool indicated a score for the w.t. exon 6 donor splice site of 70.4 (Table 1) , which is low compared to the average score of 80.0 found for normal donor splice sites (Itoh, Washio, & Tomita, 2004) . Also the other prediction programs indicated low values for the original donor splice site, but nevertheless higher than the new splice site at c.615_623 used in the patient. This explains why the original site was used in the w.t. situation. In the patient, the new splice site contained the mutation and therefore showed slightly higher values than in the w.t. situation. However, the strength of the new site appeared lower than the original site (Table 1) , so it remained to be explained why in the patient the new site was preferred over the original one. Nevertheless, the SPANR tool (Xiong et al., 2015) predicted 29% mRNA correctly spliced in the patient, in contrast to 83% correctly spliced in the w.t. situation.
We then used Sroogle to determine the number and position of putative exonic splicing enhancer (PESE) and silencer (PESS) motifs in the complete exon 6, the 5' part (c.484_617) and the 3' part (c.618_684) of this exon ( Figure S1 ). This showed that the 5' part (upstream of the cryptic donor splice site) had a much higher PESE:PESS ratio than the 3' part (Table 1) , which thus favored skipping of the 3' part from the mature mRNA. The ESEfinder web tool showed that due to this mutation, a cryptic donor splice site appeared with a score of 2.5 and an SRSF1 binding site disappeared in the mutation area ( Figures S2 and S3 ).
| Patient 2
Analysis of genomic DNA in patient 2, with an autosomal recessive form of CGD (AR-CGD), had revealed a 4-bp deletion at the exon-1/intron-1 boundary in CYBA (c. T A B L E 1 (Continued) p.Ile20SerfsTer77 (De Boer et al., 2005; Ishibashi, Nunoi, Endo, Matsuda, & Kanegasaki, 2000) , (minimal allele frequency <0.0001%). In the patient's cDNA, we found a low expression of an abnormal product, containing exon 1 extended by 79 nucleotides from intron 1, joined to exon 2. This extension was apparently caused by the activation of a cryptic donor splice site with a GT sequence at position 84-85 in intron 1 (c.58+84_85; Figure 1B ). Both parents of the patient had the same mutation in their genomic DNA, in heterozygous form, but their cDNA contained exclusively the w.t. p22 phox cDNA sequence, indicating that the mutant mRNA might be degraded (De Boer et al., 2005) . The Analyser Splice Tool indicated a score for the w.t. CYBA exon 1 donor splice site of 70.4, but this was decreased by the mutation to below threshold (Table 1) . Apparently for this reason, the cryptic donor splice site in intron 1, with a score of 71.3, was preferred. The other prediction programs also indicated a decrease in the score for the mutated splice site and similar values for the activated cryptic splice site and the original one in the w.t. situation (Table 1) . Sroogle showed that the original exon 1 had a very low PESE:PESS score, which was even further decreased by inclusion of the 79 nucleotides of intron 1 in this exon (Table 1) .
| Patient 3
Patient 3 was identified as a CGD patient by the near absence of NADPH oxidase activity and absence of gp91 phox expression in her neutrophils, as shown in Figure 2 . Genetically, patient 3 was a compound heterozygote for two different mutations in CYBA. On one allele she had a one-nucleotide deletion (c.246delC, Figure 3A) , inducing a shift in the reading frame that predicts termination of protein synthesis 108 codons downstream (p.Phe83LeufsTer108), see Figure 1C . On the other allele, her CYBA contained a variation in intron 4, 15 nucleotides upstream of the start of exon 5 (c.288-15C>G, Figure 3B ). Apparently, this variation created a cryptic splice site that was preferred over the original acceptor splice site, because cDNA analysis showed inclusion of 14 nucleotides from intron 4 (c.288-14_-1) into the mRNA. This mutation predicts p.Leu97ArgfsTer94 ( Figure 1D ). The new acceptor splice site in patient 3 was also analyzed with splice prediction programs. As Table 1 shows, MaxEntScan and Genesplicer gave higher scores for the new acceptor splice site than for the original one, but SpliceSiteFinder-like and NNSPLICE did not. Hexplorer predicted about 60% enhanced ESE binding in the most 5' region of the new exon (Figure 4 ). Most importantly, the c.288-15C>G mutation affected the branch site presumably used by the w.t. pre-mRNA (Table 1) .
Analysis of the DNA of the parents of this patients indicated that her mother carried the c.246delC mutation whereas her father was a carrier of the c.288-15C>G mutation. Comparison of the w.t. and the mutant sequence in the parents' cDNA with those in the patient indicated that the stability of both mutant mRNAs was only slightly less than that of the w.t. mRNA ( Figures 3A and 3B ).
| DISCUSSION
| Activation of an exonic splice site and stabilization of the mutant mRNA
In patient 1 the low scores for the w.t. as well as for the activated cryptic donor splice site indicate that a weak splicing signal is present for this exon. Therefore, the binding of SR proteins to ESE binding sites will probably play an important role for correct splicing of this exon. Table 1 shows that the ratios of the PESE and PESS scores are 7.0, 9.9, and 4.0 for the whole exon 6 of CYBB, the 5' half (upstream of the mutation), and the 3' half (downstream of the mutation), respectively. These scores are relatively high compared with the average scores for constitutive exons (about 2), probably to compensate for the weak w.t. and cryptic donor splice site signals. Although the scores for the w.t. and activated cryptic donor splice site do not differ, the competition in the patient between the two sites for members of the splicing machinery is in favor Intronic sequences in lower case lettering, exonic sequences in enboxed capitals. The blue arrow points to the mutation indicated in red. Indicated in green are the locations of the acceptor, donor and cryptic donor splice sites used for splicing of the pre-mRNAs. The lower part represents the situation on the cDNA and protein level. The w.t. and mutant sequence are shown. The blue triangle indicates the 66-bp region of the mRNA that is removed from the transcript after splicing of the pre-mRNA in the patient, due to the use of the cryptic donor splice site in exon 6 in the CYBB gene. In red is indicated the premature termination codon in the mutant sequence, which is located on the boundary of exons 6 and 7. Exon-exon boundaries are indicated by | of the cryptic donor splice site. The sizes of the flanking introns are 2,140 bp for intron 5 and 2,813 bp for intron 6. The larger the flanking intron size the more important the ESEs are for correct pre-mRNA splicing (Wu & Hurst, 2015) .
The premature termination codon is located about halfway the coding region of this transcript. The curtailed mRNA seems to be quite stable, so nonsense-mediated decay (NMD) has not been activated in this case. Its termination codon lies across the border between the new exons 6 and 7, and therefore underneath the exon junction complex (EJC). Indeed, premature termination codons that lie within 50 bp distance from a splice junction escape from NMD (Neu-Yilik et al., 2011) . However, there are other, more downstream EJCs present in this transcript that are also not removed by the first round of translation. These EJCs are thought to initiate NMD, but apparently this does not happen in this case, since the expression of the mutated transcript is at about the same level as the w.t. allele.
According to the ESE Finder website, this mutation is indeed creating a donor splice site, but the score for this splice site is below the default threshold and also lower than the w.t. donor splice site score (Table 1 ). This mutation is also damaging a binding motif for SRSF1 (serine/arginine-rich splicing factor 1) ( Figure S3) , one of the ESE binding proteins in human neutrophils (GeneCards ® (www.genec ards.org) and our own observations).
Missplicing of pre-mRNA can also be caused by other intra-exonic mutations. In another patient with X-CGD, we found a mutation in exon 5 of CYBB in a putative ESE site for SRSF1. As a result, 95% of the transcripts of this gene lacked exon 5, leading to a shift in the reading frame and premature termination codon (De Boer et al., 2017) . This proves the importance of ESE binding for inclusion of the relevant exon in the mature mRNA.
| Activation of a cryptic intronic splice site and degradation of the mutant mRNA
In the genomic DNA of patient 2, we have found a 4-bp deletion in the donor splice site of intron 1 of CYBA, c.58+4_7delAGTG. Due to this mutation, the score for the original donor splice site is lowered from 70.4 to below threshold. The score for the cryptic splice site is 71.3 (Table  1) . By using the ESE Finder website, we found that the score for the w.t. donor splice is just below the default threshold value, but this donor splice site disappears due to the mutation (threshold set to 1). The value of the cryptic donor splice site is above threshold value ( Figure S4 ). Because a terminal exon is involved in this case, a different splicing mechanism plays a role.
Terminal exon definition is not controlled by exonic splicing enhancers and silencers. The first exon is defined by the interaction between the capsite-binding complex and the U1 snRNP (small nuclear ribonuclear protein) complex on the 5' donor splice site at the start of the first intron (Berget, 1995) . The scores for splicing enhancer and silencer binding sites (Table 1) are very low, indicating that these values are not relevant for outsplicing of the first intron. Only the scores for the donor splice site of this intron are relevant in case of patient 2. The average internal exon size in vertebrates is 137 bp; internal exons longer than 400 bp make up less than 1%. Terminal exons are usually larger in size, especially the last exon containing the 3' untranslated region (UTR; Berget, 1995) . In patient 2, the size of exon 1 is increased by 79 bp, raising the total length of this mutated exon 1 from 197 bp to 255 bp.
The translation termination codon in the mutatated CYBA mRNA of patient 2 lies within the poly-adenylation signal in the 3' UTR, rendering the protein longer than the w.t. protein, not only because of the 79 bp insertion from intron 1 but also by 47 extra bp from the 3' UTR. Together, this adds 42 amino acids to the protein, increasing it from 195 to 237 amino acids. In the cDNA of the parents of this patient, only w.t. sequence was found, while on the genomic level both parents were found to be carriers for the mutation. This indicates that the mutated transcript is labile. A consequence of the late termination codon is a very short 3' UTR of just 23 bp between the termination codon and the poly(A) tail. According to Tanguay and Gallie (1996) , this might explain the instability of this transcript, although the w.t. transcript is just 47 bp longer. However, when the poly(A) tail is located close to the stop codon of the mRNA, these investigators found in their model a more pronounced inhibitory effect on the translational efficiency in vivo, rather than decreasing the mRNA half-life in comparison with the other poly(A)+ constructs with longer 3' noncoding regions. According to Gebauer and Hentze (2004) mRNA has a circular structure, in which the poly(A)-binding proteins (PABP) interact with proteins present in the cap complex. It is thought that this circular structure stabilizes the mRNA, and that the presence of these proteins on both sides of the mRNA molecule promotes the translation process. We speculate that in patient 2 steric hindrance may occur between the large ribosomal subunit and PABPs because of the short 3' UTR, thereby displacing some of the PABPs from the poly(A) tail. When less PABPs are bound to the poly(A) tail, protein synthesis will be downregulated, but also exonucleases might have a chance to bind to this "naked" poly(A) tail, initiate decapping of the mRNA molecule, and thereby initiate the mRNA degradation process.
| Creation of an intronic acceptor splice site and stabilization of the mutant mRNA
Although the gp91 phox expression in the neutrophils from patient 3 was absent (Figure 2 ), the causative mutation was found in CYBA, encoding p22 phox . This is a consequence of the mutual stabilization of expression of these two proteins (Porter et al., 1994) . Since direct detection of p22 phox in intact or permeabilized neutrophils is difficult, 7D5 binding is still a preferred assay, also in the autosomal forms of CGD. In case of negative 7D5 binding, mutations in CYBB have then to be excluded, which was done in this patient. In the genomic DNA of patient 3, we found a variation in CYBA in intron 4, close to the boundary with exon 5. This variation changed the sequence CACCCGCTG at position c.288-17_-9 into CAG/CCGCTG, which was then apparently used as a new acceptor splice site, although the new splice site score was not more than 30% higher than that of the w.t. score according to some programs (Table 1) . However, the mutation weakened or even destroyed a branch site ( Table 1 ) that was probably used by the w.t. mRNA, and thus favored the missplicing. Branch site mutations are known to cause missplicing (Caminsky et al., 2015; Maslen, Babcock, Raghunath, & Steinmann, 1997) . In this case, only Hexplorer indicated increased ESE scores in the new exon (Figure 4 ).
| Comparison of different pre-mRNA splicing prediction programs
Whole exome sequencing is now rapidly replacing conventional Sanger sequencing. This leads to neglect of possible intronic variations, which can nevertheless be important for identifying variations that may cause premRNA missplicing (e.g., in patient 3). Therefore, it may be better to use WGS instead. In general, it is difficult to predict whether or not a certain nucleotide variation in a gene will induce pre-mRNA missplicing. Proof for such a consequence can only be obtained from mRNA analysis, but RNA from relevant tissue is often difficult or even impossible to obtain. As such, blood cell diseases are easy to study, but still, RNA analysis is seldom performed. Thus, there is a growing need to predict the effect of a certain nucleotide variation on pre-mRNA splicing. A number of prediction programs for that purpose are available, but their reliability is under discussion (Ohno, Takeda, & Masuda, 2018; Soukarieh et al., 2016) . Often, conclusions in this respect are based on results obtained with minigene assays, thus neglecting the effects of tissue-specific trans-acting factors such as splicing enhancing and splicing silencing proteins. We have now compared the reliability of a number of splicing predicting programs on three clinical cases with proven mRNA missplicing in the relevant tissue. The conclusion is that knowledge about the "strength" of a splice site as such is insufficient to predict its use: the number and nature of cis elements to which trans-acting factors can bind must also be analyzed. However, even then this will not always lead to the right conclusion, as intactness of, for example, a suitable branch point is also important. The only general conclusion can be that all of these elements must be taken into account, but even then, prediction programs can only give an indication of the in vivo situation. Proof can still only be obtained by analysis of the mRNA from the relevant tissue.
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